sequence similarity with GTF-I (g#f) from S. downei and GTF-I (gtJB) and GTF-SI (g#U) from Streptococcus mutans. GTF-S contains a highly conserved enzymatic domain and C-terminal repeated sequences which appear to be involved in glucan binding. Comparison of the deduced GTF-S protein sequence with other sequenced GTF genes of mutans streptococci revealed that these C-terminal repeats occurred in all cases, although the patterns of repeated sequences varied with respect to each other and to the glucan-binding protein of S. mutans. GTF-S contains four C-terminal repeat sequences ranging from 49 to 51 amino acids in length and a partial repeat of 13 amino acids. Nuclear magnetic resonance analysis of the glucan produced by GTF-S revealed that the product consisted of more than 90% a-1,6-linked glucosyl residues.
Streptococcus mutans is a principal etiologic agent of dental caries (8, 13) . The virulence of this organism is in part due to the production of a group of enzymes called glucosyltransferases (GTFs). These extracellular enzymes cleave dietary sucrose and polymerize the resulting glucose moiety to form water-soluble and/or water-insoluble glucans, which are important components of dental plaque (8) .
Since the initial observation that a single S. mutans strain can produce a number of electrophoretically distinct GTFs (7), several laboratories have isolated and characterized multiple GTFs from various mutans streptococci (4, 6, 17, 24) . These GTFs fall into three categories: (i) GTFs which produce water-soluble, primarily a-1,6-linked glucan (GTF-S); (ii) GTFs which produce water-insoluble, primarily a-1,3-linked glucan (GTF-I); and (iii) GTFs which produce a combination of water-soluble and -insoluble glucans (GTF-SI). The insoluble glucan produced primarily by GTF-I mediates the sucrose-dependent attachment of S. mutans to the smooth surfaces (8) . The contribution of the watersoluble glucan to the dental caries process is unknown, but it causes aggregation of certain bacteria and can serve as an extracellular energy store. Many GTF-Is produced by cariogenic species of mutans streptococci require a primer for glucan synthesis (24) , whereas certain GTF-Ss have been shown to be primer independent (24) . Such GTF-Ss may provide the primer necessary for GTF-I-mediated insolubleglucan synthesis. Therefore, soluble-glucan-forming GTF-Ss may play a central although indirect role in bacterial adherence and colonization of the oral cavity.
Genes encoding GTF-I and GTF-S (a primer-independent GTF which catalyzes formation of a soluble glucan) from the cariogenic mutans streptococcus Streptococcus downei (23) (formerly Streptococcus sobrinus) MFe28 have been cloned in Escherichia coli (6) , and the nucleotide sequence for the gene encoding GTF-I has been determined (3). The nucleotide sequence has also been determined for genes from S. mutans GS5 which encode GTF-I and GTF-SI (gtfB [19] and * Corresponding author.
gtfC [21] , respectively). Repeated amino acid sequence motifs have been observed to occur in the amino acid sequences inferred for all of these proteins. More recently, similar repeats have also been observed to occur in a glucan-binding protein (GBP) derived from S. mutans Ingbritt (1). This protein has no GTF activity, thus providing evidence that the repeated sequences may be involved in glucan binding by GTFs.
Because of differences in the solubility of the glucan produced and in primer requirements, it was of interest to characterize the gene encoding a primer-independent GTF at the molecular level. In this communication, we report the complete nucleotide sequence of gtfS from S. downei MFe28 and compare the deduced amino acid sequence of GTF-S with those of other enzymes involved in sucrose metabolism by mutans streptococci.
MATERIALS AND METHODS
Bacteria and media. The gtfS gene was cloned from S.
downei MFe28, a serotype h strain (23) . The 8-kilobase (kb) fragment containing the gtfS was cloned into the plasmid vector pACYC184, resulting in construction of pMLG60, which was transformed into E. coli JM109 (25) . Fragments of the 8-kb pMLG60 insert were cloned into M13 bacteriophage vectors mpl8 and mpl9 (25) Nucleotide sequence determination. The complete nucleotide sequence for both DNA strands of gtJS was determined by using the dideoxy-chain termination method as modified by Tabor and Richardson (20) . Nucleotide sequence determinations were made for cloned fragments and nested deletion derivatives (11) . The 0.6-kb XbaI-SstI, 0.8-kb PstIXbaI, 0.75-kb HindIII, 3.0-kb SphI-SstI, and 1.6-kb EcoRISphI restriction fragments of pMLG60 were cloned into the vectors M13mpl8 and M13mpl9. Gaps in the resulting nucleotide sequence were closed by the use of customsynthesized oligonucleotides to prime the chain termination reactions. The sequence information was analyzed by using the James M. Pustell DNA-protein-sequencing program from International Biotechnologies (New Haven, Conn.) and programs from the University of Wisconsin Genetics Computer Group version 6.1. The GenBank/EMBL accession number for gtjS is M30943.
Glucan isolation. Cells, centrifugally harvested from an overnight culture of E. coli(pMLG60), were disrupted with a French pressure cell (American Instrument Co., Inc., Silver Spring, Md.). Cell lysate (1 ml) was diluted 1:100 in 0.05 M NaH2PO4 (pH 6.5)-5% sucrose-0.01% ethylmercurithiosalicylate. The diluted lysate was incubated at 37°C for 48 h. After incubation, 3 volumes of 95% ethanol were added and allowed to precipitate at -20°C overnight. Precipitated glucan was collected by centrifugation at 16,270 x g for 15 min. The glucan was suspended in 100 ml of water and reprecipitated twice as described above. After the third precipitation, the glucan pellet was air dried.
NMR analysis. The composition of the glucan was analyzed by 13C-nuclear magnetic resonance (13C-NMR) spectrometry. The glucan was assayed in D20 at 20°C. The spectra were obtained at 125 MHz on a VXR500 spectrometer (Varian, Palo Alto, Calif.) and also at 75 MHz on an XL300 spectrometer (Varian). Chemical shifts were measured (and reported in parts per million) downfield from sodium-3-trimethyl-silyl propionate, the internal standard.
Assignment of peaks was based on the report by Colson et al. (2) .
RESULTS
Subcloning of gfS into M13. The gtfS gene was originally cloned into the bacteriophage lambda replacement vector L47.1 (6, 12 ). An 8-kb EcoRI fragment containing the gene was then subcloned into pACYC184, and the resulting construct was termed pMLG60 (Fig. 1) (6, 16) .
Comparison of the deduced GTF-S protein sequence with other sequenced genes of mutans streptococci. To date, three other GTF sequences and a fructosyltransferase sequence have been published (3, 18, 19, 21) . Additionally, the DNA sequence of the GBP-encoding gene (gbp) has been recently determined (1) . The inferred GTF-S amino acid sequence from S. downei possesses 45% overall identity with the amino acid sequences deduced from gtfI from S. downei and gtfB and gtfC from S. mutans and 24% identity with the GBP from S. mutans in the C-terminal portion of the protein. No significant homology was found between GTF-S and fructosyltransferase. A common feature in the inferred amino acid sequences from gtfl, gtfB, gtfC, and gbp is the presence of repeated regions in the C-terminal portion of the gene products (1) . As expected, GTF-S also contains repeated sequences.
GTF-S has four repeated sequences ranging from 49 to 51 amino acids in length and a fifth, partial repeat of 13 amino acids (Fig. 3 ). These repeats share from 59.2 to 80.4% similarity with a consensus sequence (WYYFNxDGQAAT GLQTIDGQTVYFDDNGxQVKxGxAVTDxxGKLRYFYD ADQG). The repeated sequences begin at amino acid 1082 and continue through to the termination codon. The repeats described by Banas et al. (1) as type A and C repeats are found in GTF-S, alternating (A-C-A-C, etc.). The 48-aminoacid type B repeats found by Ferretti et al. (3) in the GTF-I is not present in the GTF-S.
A portion of the repeat region was also found to have homology with the autolysin gene (lytA) from Streptococcus pneumoniae (5) and an a-galactosidase gene (our unpublished data) from S. mutans. Partial homology was also found between the N terminus of GTF-S and the Fc receptor protein from group A streptococci (fcrA76) (10) .
Glucan analysis. The composition of the glucan synthesized by E. coli(pMLG60) was estimated by 13C-NMR spectral analysis (on the basis of peak height) to consist of more than 90% a-1,6-D-glucopyranosyl residues (Fig. 4) .
The NMR spectrum revealed six intense peaks which correspond to the relative peak positions for ot-1,6-linked dextran T70 (2) . 
CAA TGG GTA GCC ATT GGT GTG ACG ACC GTA ACG CTT AGC TTT CTA GCT 15
GGA GGC CAA GTC GTT GCA GCC GAC ACA AAC AAT AAT GAC GGG ACA AGT 31
GCA GAT CAA ACT GCT ACA AGT CAA GTT AGC CCA GCA ACA GAT GGC AGG 79
CGC CAA TCG GCC GCT GAT ACG TCA ACA GAT GGT AAG GCT GTA CCT CAG 127
ACT AGT GAC CAA CCA GGT CAT CTG GAA ACA GTT GAT GGC AAA ACT TAC 143
TAT GTG GAT GCC AAT GGT CAA CGG TTG AAA AAC TAT TCA ATG GTC ATT 159 
1472 GAT AAT TCT AAC CCG GTC GTC CAA GCC GAA CAG CTC AAT CAC CTC CAC 399 
DISCUSSION
The relationship of GTF-S to GTF-I and to other known GTFs is of considerable interest. The sticky, insoluble glucan produced by the combined activities of GTF-S and GTF-I is thought to be of primary importance in the development of dental plaque. In S. downei, GTF-I-mediated glucan synthesis requires the presence of a primer (6) . Glucan synthesis by GTF-S is independent of primer glucan, and the soluble glucan produced by GTF-S may act as an intrinsic primer for the synthesis of glucan by GTF-I. However, we have evidence (unpublished) that S. downei produces four distinct GTFs, so further work is necessary to elucidate the patterns of interaction among different en- corresponding to the A and C repeats are indicated. The C repeat is somewhat shorter than the C repeat found in other GTFs. The amino acid residue initiating each repeat (left margin), percentages of amino acid identities with the consensus sequence for each repeat (right margin), and amino acids which remain identical in every repeat of GTF-S (*) are indicated.
contains no cysteine residues. The open reading frame is preceded by a putative ribosome-binding site and an upstream A-T-rich region containing a putative promoter site. The linear sequence of GTF-S is consistent with the presence of two functional domains. Ferretti et al. (3) demonstrated that an N-terminal deletion mutant of GTF-I (pSF86) could bind glucan but was not enzymatically functional. Similarly, Mooser and Wong (14) demonstrated that trypsin digestion of a GTF-S isolated from S. sobrinus yields a domain (fragment) which retains glucan-binding activity but loses its catalytic activity. As discussed below, the C-terminal localization of the GTF-S glucan-binding domain was further substantiated by sequence identity with a GBP of S. mutans. On the basis of these observations, the boundaries of the two functional domains of GTF-S can be localized to approximately the amino-terminal 1,050 amino acids (catalytic activity) and carboxy-terminal residues 1100 through 1365 (glucan-binding activity).
GTF-I of S. downei was reported to contain two types of amino acid repeats localized to the C terminus: a series of six type A repeats (35 amino acids in length) and two type B repeats (48 amino acids in length) (3). Banas et al. (1) observed the A repeat to be present within the GBP of S. mutans Ingbritt five times with an additional, partial A repeat truncated by the termination codon. The B repeat was not observed in the GBP, but a different repeat termed the C repeat occurred four times (1) . Similar type A and C repeats occur within other GTF enzymes (1) . As in the GBP, no sequence corresponding to the B repeat of GTF-I was found in GTF-S. However, four sequences corresponding to A and C repeats were found in GTF-S, alternating A-C-A-C, with an additional, partial A repeat occurring at the C terminus of GTF-S from S. downei (this study), GTF-I from S. downei (3), and GTF-I (gtfB) (19) and GTF-SI (gtfC) (21) from S. mutans (see Fig. 6 ); 0l, AC repeated regions (except where the letter A designates a partial repeat); ., locations of B repeats, thus far reported only to occur in GTF-I (3); l, nonconserved regions between repeats.
GTF-S. Unlike the gbp-encoded protein, in which A and C sequences were observed to occur with various spacing intervals between each other and between A-C repeat cycles, only three to five amino acids separate the A repeat from the C repeat in each A-C cycle of GTF-S (thus forming four type AC repeated regions). The A and C repeat regi6ns
which occur in GTF-I from S. downei and in GTF-I and GTF-SI from S. mutans GS5 are also found together as an AC repeat (Fig. 5) . The GTF-S AC repeat cycles are separated by 13 to 25 nonconserved amino acids, and in GTF-I the AC repeats are separated by 6 nonconserved amino acids and in two cases by the 48-amino-acid B repeat. In contrast to the variable spacing between AC repeats observed for GTFs derived from S. downei, the regularity of the AC repeats in GTFs derived from S. mutans is remarkable in that the spacer amino acids between AC repeat regions are also very highly conserved. However, in the GTF-SI encoded by gtfC, the regularity of the AC repeats abruptly breaks down at amino acid 1338, near the C terminus (21) . Interestingly, translation of the reading frame staggered by 1 base from the point of breakdown of the AC repeat mode in the inferred amino acid sequence of gtfC INVARIANT I AMINO ACIDS results in continuation of the ongoing AC repeat and the addition of another AC repeat in its entirety. This observation suggests that either the gtfC gene has recently lost about one-and-one-half cycles of the AC repeat, perhaps to modulate the affinity of glucan binding by the enzyme, or a frameshift was inadvertently introduced during nucleotide sequence determination. The sequence of gtJD, which encodes a GTF-S from S. mutans (9) , is unknown, but because of their ubiquity, similar AC motifs would be predicted. The B repeats, thus far only observed to occur in the inferred amino acid sequence of gtpf of S. downei, appear to be unique to this GTF species, and the contribution of B repeats to protein function is unknown. Because of the association of the C termini of GTFs with glucan binding, catalytic activity appears to reside in the N-terminal three-fourths of the protein. Alignment of the first 1,100 amino acids of all GTFs for which the inferred sequences have been reported reveals that this region is generally conserved and that three extensive and nearly invariant regions can be identified (Fig. 6 ). The degrees of identity which occur among the catalytic domains of GTFs were of interest, since NMR data indicated that GTF-S produces primarily a-1,6-linked glucans, as opposed to the a-1,3-linkage synthesized by the other enzymes. Additionally, all GTFs have the ability to hydrolyze sucrose and condense the activated glucose monomer onto the nascent glucan. Thus, subtle alterations in protein structure must account for the differences in GTF enzymatic activities.
The biological role for each GTF species is presently unknown, although collectively they clearly contribute to the deposition of dental plaque on the tooth surface. S. downei, like other mutans streptococci, has been shown to produce more than one discrete but similar GTF (4, 6, 17, 24) . One role for the GTF-S studied here may be to provide a primer for the synthesis of glucan by GTF-I. An alternative role may be to introduce a-1,6-linked branch points into the otherwise largely a-1,3-linked glucan, thereby facilitating polymer growth or enhancing adherent properties. The functional role of each GTF species synthesized by mutans streptococci is the subject of ongoing studies.
